A 28-year-old African-American male was found unresponsive outside of his girlfriend's house around 7 o'clock in the morning. He spent the night at the girlfriend's house and was last witnessed to be awake about 12 hours earlier. The girlfriend and her family were unable to awaken the patient and called emergency medical services (EMS). There was no history of headache, dizziness, fever, chills, nausea, vomiting, seizures, trauma, depressive thoughts, or suicidal ideation. When EMS arrived, they administered 6 mg of naloxone intramuscularly without effect, and the patient was transported to the emergency department (ED).
What is Valproic Acid?
Valproic acid (VPA) is an antiepileptic drug commonly prescribed worldwide for various neurological and psychological conditions. It was first synthesized by Burton in 1882 as a clear, colorless, fatty acid liquid. For eight decades, it was used as an organic solvent in research laboratories until it was noted to have anticonvulsant effects in rodents [1] . By 1967, it was approved as a therapy for generalized seizures in France, and in 1983 it was approved by the United States Food and Drug Administration (FDA) [1] . A decade later, divalproex sodium (Depakote ® )-essentially a dimer of VPA-was synthesized and marketed as a longer acting formulation than VPA alone [1] . At the same time, the FDA approved valproic acid for use in the management of bipolar disorder. It is currently indicated for the treatment for generalized and focal epilepsy, migraine headaches, bipolar disorder, trigeminal neuralgia, and other neuropathic pain [2, 3] . The drug is commercially available in several forms that include extended-release tablets, uncoated tablets, enteric-coated tablets, liquid elixir formula, soft-gelatin capsules, sprinkle capsules, and an intravenous formulation. The liquid formulation can be administered orally or rectally [3, 4] .
Recently, there has been renewed interest in the use of VPA for the treatment of HIV infection and various cancers. Valproate is believed to be an inhibitor of the enzyme histone deacetylase 1 (HDAC1) [5] [6] [7] . This enzyme is responsible for the integrity and survival of HIV infected CD4 ϩ T cells. A study published in
How does VPA work as an antiepileptic?
VPA's exact mechanism of action is not fully understood, but there are several proposed theories. First, valproate is believed to work by increasing levels of the inhibitory neurotransmitter ␥-aminobutryic acid (GABA) in the central nervous system (CNS). In multiple studies, acute administration of VPA increases GABA concentrations in the animal brain models by 15 to 45% [12, 13] . This is accomplished by inhibiting the enzymes GABA transminase and succinate semialdehyde dehydrogenase; both responsible for the breakdown of GABA [8] . It is also thought that VPA suppresses N-methyl-D-aspartate (NMDA) activity, which results in attenuation of neuronal excitation. By reducing excitatory synaptic transmission, VPA decreases synchronized cell firing which leads to decreased epileptic bursts [14] [15] [16] . Valproic acid may also reduce repetitive firing of neurons through direct effects on neuronal membranes by altering sodium and potassium conductance [3, 4, 8, 17] . However, recent studies on rat hippocampal sections have indicated that sodium channel blockade does not appear to be a major contributor [8, 18] .
Explain the pharmacokinetics of VPA
Valproic acid is a branched chain carboxylic acid (2-propylpentanoic acid or di-n-propylacetic acid) with a chemical structure very similar to that of short chain fatty acids [19] (Figure 1 ). Divalproex is a stable complex of equimolar quantities of sodium salt and the valproic acid, which dissociates in the gastrointestinal tract and slowly releases the valproate ion [1] . It is enteric coated and has a slower release in the gastrointestinal tract compared to valproic acid (Depakene ® ).
Non-enteric coated VPA is almost 100% absorbed from the gastrointestinal tract, reaching a peak serum concentration within 1-4 hours after ingestion [20] [21] [22] . Peak plasma concentration for enteric-coated tablets occurs 4-8 hours after ingestion of a therapeutic dose [4, 23] . In large overdoses or with co-ingestions of other drugs, delayed peak levels have been reported. Graudins and Aaron reported a case of a 32-year-old woman who ingested divalproex sodium and chlorpheniramine and developed a delayed peak serum concentration 17 hrs post-ingestion [23]. Brubacher et al. reported a case of an individual who presented to the ED asymptomatic and hemodynamically stable after ingesting an unknown amount of enteric-coated divalproex sodium. Seven hours later, she developed clinical deterioration from valproate toxicity requiring endotracheal intubation and close monitoring. Her serum level peaked at approximately 13 hrs post ingestion [4] .
Approximately 90-95% of the drug is protein-bound at therapeutic levels [21] . As levels continue to rise, protein binding is saturated, resulting in a large fraction of unbound valproic acid [24, 25] . Klotz and Antonin reported that when serum VPA concentrations exceeded 150 g/mL, protein binding decreased to about 70%. At serum VPA levels of 300 g/mL, protein binding dropped to 35% [21] . This phenomenon can also be seen in patients with uremia and low albumin, affecting critical care patients, newborns, elderly, or patients with end-stage renal disease [21, 26, 27] . During elimination, the drug follows first-order Michaelis-Menton kinetics [8, 28, 29] . At therapeutic concentrations, the elimination half-life ranges between 8 to 21.5 hrs. In an overdose, the elimination half-life may be prolonged up to 30 hrs or more [21, 25, 28] .
How is valproic acid metabolized?
In healthy individuals, less than 1-3% of valproic acid is excreted unchanged in the urine; the rest of the drug undergoes extensive and complex metabolism in the liver [8, [19] [20] [21] 30, 31] . It is metabolized in a multi-step process involving direct glucuronidation and followed by either mitochondrial ␤-oxidation or cytosolicoxidation to produce multiple metabolites. A total of nine metabolites have been identified, of which the majority are ␤-oxidation metabolites: 2-propyl-2-pentenoic acid (2-en-VPA), 3-hydroxy-2-propylpentanoic acid (3-OH-VPA), and 3-oxo-2-propylpentanoic acid (3-keto-VPA) [8, 29, 31] . The other six metabolites are produced after undergoing -oxidation in the endoplasmic reticulum: 5-hyroxy-2-propylpentanoic acid (5-OH-VPA), 2-polyglutaric acid (PGA), 2-propyl-4-pentenoic acid (4-en-VPA), 4-hydroxy-2-propylpentanoic acid (4-OH-VPA), 4-oxo-2-propylpentanoic acid (4-keto-VPA), and 2-propyl-3-pentenoic acid (3-en-VPA) [8, 29, 31] (Figure 2 ). Although these latter metabolites have a minor role, they can be highly toxic in patients on chronic therapeutic dosing or after an acute overdose. 4-en-VPA has been incriminated in the development of cerebral edema, hepatotoxicty, and hyperammonemia [8, 19, 29, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] .
When metabolized through the mitochondrial ␤-oxidation pathway, VPA is transported into the mitochondrial matrix using Figure 1 : Valproic acid the carnitine shuttle. This is the same pathway involved with the transport of long chain fatty acids. In the cytosol, VPA is linked with reduced acetyl co-enzyme A (CoA-SH) to form valproyl-CoA by an ATP-dependent acyl-CoA synthetase that is located on the outer part of the mitochondrial membrane. This linkage allows valproic acid to cross the outer membrane. Once it passes the outer membrane, valproyl-CoA is then transformed to valproylcarnitine by the palmityl carnitine transferase (PCT1) (Figure 3 ). This step is necessary since the inner mitochondrial membrane is impermeable to valproyl-CoA. Once inside the mitochondrial matrix, the PCT2 transforms valproylcarnitine back to valproylCoA, enabling it to enter the ␤-oxidation process [8, 19] . Hence, carnitine appears to be an essential participant in the metabolism of valproic acid and long chain fatty acids.
What is carnitine?
Carnitine (Figure 4) is a quaternary amine synthesized from the amino acids lysine and methionine. Carnitine has numerous metabolic functions. It aids in the transport of fatty acids into the mitochondria; it minimizes the toxicity of acyl compounds by modulating the ratio of acetylated coenzyme A to unbound Co-A; and it functions in other cellular metabolism, such as the urea cycle [49, 50] . Although two enantiomers of carnitine exist, only L-carnitine has biological activity [49] .
L-carnitine is an essential co-factor in the ␤-oxidation of fatty acids. It catalyzes the transfer of these molecules into the mitochondria where oxidation occurs. Although it serves many biological functions, L-carnitine is not considered an essential nutrient because it is endogenously synthesized [49] . In addition, there is no established recommended daily allowance (RDA) for carnitine by the US FDA. Seventy-five percent of carnitine comes from our diet, particularly in red meat and dairy products. A well balanced diet contains a significant amount of carnitine mg/day for a 70 kg person). Even strict vegetarian diets contain as much as 1 mg/day (for a 70 kg person) [19, 51] . Pharmaceutically, L-carnitine is available as an oral or parenteral preparation which can be given either intravenously or intramuscularly [19] .
Carnitine is also produced endogenously. Humans synthesize approximately 1-2 micromole of carnitine/kg/day [52] . Carnitine synthesis is a multi-step process that occurs in various human tissues including the kidney, liver, heart, muscle, and brain [53] . The final step in the biosynthesis of L-carnitine from lysine involves the conversion of gamma-butyrobetaine to L-carnitine via the enzyme gamma-butyrobetaine hydroxylase [54] . This enzyme is relatively deficient in newborns and young infants. After synthesis, L-carnitine is circulated and taken up by tissues and organs with high metabolic demands such as the myocardium, liver, and adrenal glands [53] . Serum carnitine concentrations represent only about 0.6% of the total body stores [19, 36, 38, 40] .
Under some circumstances, the physiological need for carnitine exceeds the biosynthesis production and stores. Specific genetic defects and certain drugs, including valproic acid, can negatively affect human carnitine status [55] .
How does valproate cause carnitine deficiency?
Valproate is known to cause carnitine deficiency; however, the etiology behind this deficiency is subject to debate. It is postulated that long-term administration of valproic acid or high dose therapy may affect carnitine stores by several mechanisms. First, VPA can alter the absorption from food or supplements [45, 50] . Second, it can reduce the biosynthesis of carnitine from the liver and kidneys by interfering with the mitochondrial CoA-SH and the enzyme gamma-butyrobetaine hydroxylase. When the CoA-SH is depleted in the mitochondria, free carnitine cannot be regenerated from acylcarnitine. The latter enzyme, butyrobetaine hydroxylase, is responsible for the endogenous synthesis of carnitine [19] . Finally, VPA can also decrease the reabsorption of valproyl-carnitine, acyl-carnitine, and free carnitine from the kidneys [19, 45, 50] . Stadler et al. challenged this theory in an article. In their study, 13 human adult male subjects were administered VPA for nearly 28 days, and plasma and urine samples were measured for free and total carnitine. They concluded that, during long term VPA treatment, there is enhanced reabsorption of carnitine and diminished excretion from the kidneys [45] . Subsequent research supports the theory of valproate impairing the reabsorption of L-carnitine, thereby decreasing serum carnitine levels [56] .
So what happens to VPA when carnitine is depleted?
Carnitine serves two main metabolic functions; it facilitates the transport of valproic acid into the mitochondria, and it prevents the accumulation of valproyl-CoA [19, 57] . When carnitine is depleted, the transport of valproic acid into the mitochondrial matrix is impaired, decreasing ␤-oxidation and shifting the metabolism of VPA towards -oxidation in the endoplasmic reticulum. This results in excessive production and accumulation of -oxidation metabolites, specifically the hepatotoxic 4-en-VPA metabolite. This metabolite also interferes with the enzymes
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JOURNAL OF MEDICAL TOXICOLOGY I VOLUME 3, NUMBER 3 I SEPTEMBER 2007 responsible for eliminating ammonia via the urea cycle. Hence, carnitine depletion indirectly blocks the urea cycle resulting in an accumulation of ammonia [8, 19, 41] . Murakami et al. analyzed the urinary metabolites of VPA in a child who was chronically taking VPA for epilepsy. They initially found large amounts of VPA -oxidation metabolites, but no metabolites from the ␤-oxidation pathway. However, when the patient received exogenous carnitine, significant amounts of ␤-oxidation metabolites were detected [40] . This led to the conclusion that carnitine depletion plays a significant role in the metabolism of the intermediary metabolites of VPA. Similar findings were seen in patients with acute VPA intoxication [58] . Decreased carnitine stores can also create an imbalance in the ratio of free CoA to acyl-CoAs, favoring the latter. Accumulation of acyl-CoAs can impair several enzymatic processes, including gluconeogenesis and ␣-ketoacid oxidation and further impairment of ␤-oxidation of VPA [19, 41, 36] . Ishikura et al. showed an increase in urinary acyl-CoA after administration of L-carnitine in a 16-month-old child who ingested a massive amount of VPA [36] .
What occurs with Valproic Acid toxicity?
Although side effects from VPA therapy are generally considered mild and transient, serious medical problems (such as hepatatoxicity, hyperammonemia, pancreatitis, and coagulopathy) have occurred [2, 43, 44, 59] .
VPA-induced hepatotoxicity results in four distinct patterns which include a transient rise in the liver enzymes, reversible hyperammonemia, fatty infiltration of the liver with resultant hypoglycemia, and progressive hepatic failure [60] . During routine use, VPA may induce elevations in liver enzymes shortly after the initiation of the drug; however, these enzymes almost always return to normal after the reduction of dose or with the supplementation of L-carnitine [32, 37] . Any alteration in VPA metabolism, as seen with acute overdose, chronic dosing, or fulminant hepatic failure, will cause an elevation of -oxidation products resulting in further hepatic injury [61] . In rat models, the metabolite 4-en-VPA causes microvesicular steatosis in the liver [62] . The concomitant use of phenobarbital therapy with VPA has been shown to induce the cytosolic -oxidation pathway and further increase the risk of hepatoxicity [33, 63] .
Hyperammonemia has been associated with the development of brain edema and subsequent seizures, stupor, and coma [64] . Although the incidence of hyperammonemia associated with hepatic encephalopathy is over 90% in the United States, elevated serum ammonia can be seen in patients therapeutically taking VPA or after a VPA overdose without any evidence of hepatic injury or failure [30, 42, 64, 65] . Duarte et al. reported a case of a 46-year-old woman who developed isolated hyperammonemia without any evidence of hepatic failure after being started on the drug [33] . VPA can cause elevation of serum ammonia by various, distinct pathways. Initially, cerebral edema was thought to be due to the metabolite 2-en-VPA, a product of VPA after ␤-oxidation metabolism. Additionally, the metabolites of VPA can interfere with the activity of carbamoyl phosphate synthetase-I, a mitochondrial enzyme responsible for elimination of ammonia through the urea cycle [33, 66] . Since this enzyme system plays a significant role in the metabolism of excess ammonia, caution should be used when prescribing VPA to individuals with urea cycle defects [67] [68] [69] . The risk of hyperammonemia is greater when VPA is administered as part of anticonvulsant multi-therapy [33] .
VPA-induced pancreatitis is often overlooked and underestimated by physicians. A worldwide literature review between 1979 and 2005 found only 90 patients in whom pancreatitis was associated with VPA [2] . Nevertheless, the increasing number of observations led the United States FDA to issue a black box warning on this drug in 2000 [70] . The mechanism of action of VPA-induced pancreatitis is considered idiosyncratic [71] . Pippenger et al. proposed a direct toxic effect on the pancreatic cell membrane by VPA via the production of free radicals that deplete superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase [72, 73] . Although most cases are mild, VPA-induced pancreatitis can be severe and sometimes fatal. There is no correlation between serum VPA level and degree of injury; however, the combination of VPA-induced pancreatitis and hepatic injury has been positively correlated with increased morbidity and mortality [37] .
There are numerous reports of valproate-associated coagulopathies. VPA has been reported to induce thrombocytopenia, abnormal platelet function, hypofibrinogemia, von Willebrandlike disorders, and a decrease in vitamin K-dependent factors [74] [75] [76] . Teich et al. reported a case of two patients who developed spontaneous bleeding while being treated with VPA. Laboratory findings attributed the coagulopathy to factor XIII deficiency which returned to baseline upon discontinuation of the drug [74] . Although this side effect has been known for approximately 30 years, there have been several disagreements with regards to the clinical relevance of VPA-associated changes in coagulation. Despite the controversies, reports of fatal subarachnoid hemorrhage, pulmonary hemorrhage, and pancytopenia from the therapeutic use of VPA have been documented. This has influenced many anesthesiologists and surgeons to stop VPA-treatment before surgery to avoid bleeding complications [35, 59, 77, 78] .
Are there any risk factors for VPA-toxicity?
Bryant and Dreifuss reviewed all reported cases of fatal hepatotoxicity from VPA therapy that occurred between 1987 and 1993. They were able to identify 29 cases and found the following risk factors for mortality: age younger than 2 years, developmental delay, and concomitant metabolic disease [32, 79] . The patients at greatest risk had complex neurological disorders requiring more than one antiepileptic drug [79] . Scheffner and Konig reported contradictory results in their review of VPA-hepatoxicity in Germany between 1980 and 1986. They found that only 2 of the 16 fatal cases occurred in children younger than 3 years of age; furthermore, only 26% of 91 published cases were younger than age 3. They concluded that one cannot define a single high risk group and that physicians need to carefully monitor indices of liver dysfunction in patients who have no other alternatives to VPA therapy [44] . It is worthwhile noting that most cases of fatal VPA-associated hepatic failure have occurred during the first few months of initiating treatment; one study showed that the majority of cases occurred within the first 90 days after starting VPA therapy [80] .
The majority of case reports of VPA-induced pancreatitis occurred in children, but this may be related to the high use of VPA in pediatric populations [2] . Gerstner et al. reviewed 16 cases of VPA-induced pancreatitis and found no significant differences in the concentrations of amylase and lipase between adults and children. Plaza et al. suggested that patients with end-stage renal disease are at increased risk for developing VPA-induced pancreatitis [39] . Werlin et al. charted 22 patients with VPA-associated pancreatitis over a 10 year period and found no relationship between the occurrence of pancreatitis and duration of VPA therapy, dosage, or use of other anticonvulsants [81] .
Clinically, how do these patients present after an acute VPA overdose?
A patient who overdoses on VPA can present with a variety of signs and symptoms, including: ataxia, confusion, drowsiness, lethargy, and stupor [3, 70] . Depending upon the degree of toxicity, these patients will present with variable gastrointestinal complaints, including: nausea, vomiting, abdominal pain, and diarrhea. Hypotension has been reported with massive VPA overdose. Anderson and Ritland reported the case of a 27-year-old female who presented with refractory hypotension after acutely ingesting an unknown amount of VPA. Despite aggressive resuscitation with fluids and treatment with vasopressors, the patient expired 3 days later [28] . Hypernatremia and metabolic acidosis with an elevated anion gap have been noted in patients with VPA toxicity [25, 26, 82] . In a multicenter review, Spiller et al. noted that 26% of patients with VPA ingestions and serum VPA levels Ͼ450 g/mL had an elevated anion gap (Ͼ15 mmol/L), while 6% of the patients had serum bicarbonate levels Ͻ20 mEq/L [82] .
CASE CONTINUATION
The patient's serum valproate level was 1016 g/mL. Additional chemistry results were: sodium 152 mEq/L, potassium 4.5 mEql/L, chloride 106 mEq/L, bicarbonate 21 mEq/L, BUN 7 mg/dL, creatinine 1.3 mg/dL, glucose 106 mg/dL, AST 26 IU/L, ALT 21 IU/L, alkaline phosphatase 58 IU/L, amylase 75 IU/L, lipase 334 IU/L, and serum osmolality 307 mOs/kg. Coagulation studies were PT 11.4 sec (INR 1.09) and PTT 25.2 sec. Initial serum ammonia level was 371 mol/L. A serum drug screen was negative for salicylates, acetaminophen, cyclic antidepressants and ethanol, as was the urine drugs-of-abuse screen using the Abbott's Microparticle Enzyme Immunoassay (MEIA) for cocaine, amphetamines, marijuana, barbiturates, benzodiazepines, opiates, and phencyclidine. The patient was subsequently admitted to the ICU for continuous monitoring and observation.
How do you manage patients with valproic acid toxicity?
Managing VPA intoxicated patients involves close attention to airway support, appropriate decontamination, supportive treatment, and closely monitoring specific labs. Because VPA affects the concentration of GABA in the brain, patients with an overdose may present with profound CNS depression, and physicians should have a low threshold for aggressive airway protection. In one study, endotracheal intubation was required in 63% of patients with serum valproate levels of 450 g/mL or higher [83] .
Gastric decontamination includes an initial dose of activated charcoal in accordance to ACCT/EAPCC guidelines [84] . Whole bowel irrigation is recommended for ingestions of enteric-coated or sustained-release tablets or with concomitant drug ingestions that may delay gut motility [23] . The use of multiple dose activated charcoal was also shown to be helpful in preventing delayed absorption of VPA; however, unlike its effect on other antiepileptic agents such as phenytoin or carbamazepine, multi-dose charcoal had no effect in enhancing the elimination half-life [22] .
Although the absolute serum VPA value does not always correlate with toxicity, serial drug levels should be followed to determine trends in the pharmacokinetics. There are reports of patients presenting in a coma with normal serum VPA concentrations; this is possibly due to the presence of unmeasured metabolites such as 2-en-VPA and 4-en-VPA or due to hyperammonemia [28, 33, 42] . Ammonia levels, therefore, should be obtained in all cases of suspected VPA toxicity. Serum amylase, lipase, liver function profile, electrolytes, glucose, and coagulation parameters should be quantified. Signs and symptoms associated with fulminant hepatic failure should be closely monitored because of numerous reports of fatalities from VPA-associated hepatic failure [43, 80, 85] . Bell et al. reported a case of a 23-year-old woman who developed fulminant hepatic failure secondary to VPA toxicity that required orthotopic liver transplantation [85] . The patient recovered.
There are currently no antidotal therapies available to reverse the clinical effects of VPA. Acute VPA intoxications can sometime present with findings similar to an opioid toxidrome; hence, the use of naloxone has been suggested [8, 86] . Steiman et al. described a case where naloxone was administered with success after an acute VPA ingestion [86] . However, in some other cases, naloxone showed no effect [87] . Since naloxone produced no adverse reactions in VPA toxicity, its use is often indicated in a comatose patient with unknown etiology.
Because of its role in restoring ␤-oxidation metabolism in the mitochondrial cells of the liver, some authors have suggested a role for carnitine supplementation. Ishikura et al. and Murakami et al. each presented a case in which the administration of L-carnitine increased the metabolism of VPA via ␤-oxidation by passing the -oxidation and the production of the toxic metabolite [36, 40] . Another study showed that supplementing L-carnitine in epileptic children with two or more risk factors for developing functional carnitine deficiency may be beneficial. Some of those children showed signs of clinical and neurological improvements when given carnitine supplementation [88] . Based on the numerous case reports, the 1996 Pediatric Neurology Advisory Committee includes the use intravenous L-carnitine in their guidelines for all cases of valproate-induced hepatotoxicity and for severe valproate overdose [32] . In addition, they strongly recommend oral supplementation for patients at risk of developing carnitine deficiency, symptomatic VPA-associated hyperammonemia, children younger than 2 years of age with complex neurologic disorder, and patients who have multiple risk factors for hepatotoxicity [32, 53] . Interestingly, there is no convincing evidence that L-carnitine supplementation for acute VPA overdose or VPA-induced hyperammonemia and hepatotoxicity changes clinical outcome. In the case described by Ishikura et al., a 16-month-old baby boy regained consciousness only after serum VPA levels reached therapeutic levels, despite being on a 4 day course of carnitine [36] . Laub et al. reported a case of 3-year-old child who developed fatal hepatoxicity while being treated with VPA; he died 17 days later despite being on carnitine supplementation [89] . Nevertheless, given the lack of available data and its relatively safe profile, the use of L-carnitine remains a reasonable option for patients with acute overdose or VPA-induced hepatoxicity and hyperammonemia [38] .
With acute VPA overdose or in patients with hyperammonemia, the dosing for L-carnitine is 150-500 mg/kg/day orally or intravenously up to a total of 3 g/day in 3 divided doses [8] . There are limited studies to determine the appropriate time frame for carnitine supplementation. One study showed reversal of hyperammonemia and hepatic injury by supplementing Lcarnitine for four weeks in children on chronic VPA dosing [41] . For normal healthy individuals started on VPA, the 1996 Pediatric Neurology Advisory Committee recommends oral administration of L-carnitine of 50-100 mg/kg/day up to 2 g/day in divided doses during the course of treatment or during an acute overdose with VPA [32] .
Is L-carnitine safe?
There have been a limited number of studies evaluating the safety of L-carnitine. Supplementing L-carnitine is considered safe because it is endogenously produced and found naturally in our diet. One study reviewed the safety of L-carnitine in patients with acute VPA ingestion reported to the poison center during a 3 year period. They found that L-carnitine was administered to 251 patients without any adverse effects [38] . The limitation of this study is that the authors were examining only two adverse reactions: anaphylaxis and hypotension. Hathcock and Shao reviewed a number of published human clinical trial data examining the risk and safety of chronic L-carnitine supplementation at different prescribed doses. They found that the highest observed safe level (OSL) for L-carnitine was 2 g/day. There are clinical trials that administered 4-6 grams of L-carnitine without any adverse effects; however, the lack of sufficient data cannot fully support bumping the OSL to such a high dose for chronic supplementation [49] .
With excessive ingestion, carnitine may have limited absorption through the gastrointestinal tract. In several observational studies, it was noted that individuals on high carnitine diets (Ͼ6 grams) had approximately 5-15% absorption, while those on a low load diet of carnitine (Ͻ1 g), such as a vegan diet, had greater than 75% of the carnitine absorbed [52, 90, 91] . This apparent limit in absorptive capacity may limit the clinical effects on an overdose of oral L-carnitine.
Can we use extracorporeal drug removal in these patients?
Although the management of VPA-toxic patients is largely supportive, there are certain instances when the use of extracorporeal therapy may be pivotal for the survival of the patient.
VPA is poorly water soluble, but it has a low volume of distribution (0.1-0.5 L/kg) and a low molecular weight, allowing it to be effectively removed from circulation by dialysis [26] . During VPA overdose, protein binding sites saturate and lead to an increased amount of free VPA. Kane et al. reported a case of valproic acid overdose that was effectively treated with highflux hemodialyis, reducing the serum half-life of VPA from 23.41 hours to 2.74 hours [26] . In another case report, high-flux hemodialysis was instituted in a 24-year-old male patient who was comatose after ingesting about 30 grams of VPA and developed respiratory instability and severe cardiovascular shock. After two courses of hemodialysis, the patient began to show clinical and neurological improvement [92] . The authors concluded that high-flux hemodialysis was safe and effective in removing VPA. Because of limited data, there are no clear guidelines for dialysis in VPA toxicity. Some authors suggest termination of dialysis once the patient begins to show neurological improvement and when VPA levels decline to therapeutic range (50-100 g/mL) or less [93] . Extreme caution should be advised when attempting to aggressively lower the serum VPA concentration in a patient taking the drug for a seizure disorder, since seizures may occur once levels drop below therapeutic values.
The pharmacokinetic properties of VPA suggest that it is effectively removed with charcoal hemoperfusion; however, in one report, hemoperfusion did not accelerate valproic acid elimination in a patient with a peak concentration of 1080 g/mL [46] . Several reports suggest that the combination of hemodialysis and hemoperfusion (HD/HP) is highly effective in reducing serum VPA levels and minimizing toxicity. Tank and Palmer used the combination of HD/HP in a patient with peak plasma concentration of 1262 g/mL, and they found that the elimination half-life of VPA reduced from 13 hrs to 1.7 hrs during the procedure [24] . Charcoal hemoperfusion, however, is not available in many medical centers and can produce severe side effects, including: coagulopathy, electrolyte disturbances, and hypothermia. For this reason, high-flux hemodialysis is favored for the management of severe VPA poisonings [26, 92, 94] .
Currently, there is insufficient clinical experience to propose a threshold value for initiating extracorporeal removal. In a multicenter case series, Spiller et al. found that a peak VPA concentration of 850 g/mL was sufficient to warrant hemodialysis [82] . In the case presented by Keilstein et al., the authors concluded performing hemodialysis solely on the clinical grounds and not drug levels [92] . Since serum VPA concentrations do not necessarily correlate well with clinical symptoms, we recommend extra-corporeal therapy for those patients who present with hemodynamic and respiratory instability after overdosing on VPA.
CASE CONCLUSION
The patient was treated with whole bowel irrigation in conjunction with multi-dose activated charcoal, administered every 4 hours. He was also started on 1 gram of L-carnitine intravenously every 8 hrs. On the second day of admission, his repeat serum valproate level was 78 g/ml and his serum ammonia concentration decreased to 38 mol/L. Later that afternoon, he was extubated without any clinical regression. He continued to do well throughout the evening without displaying any neurological problems or clinical signs of hepatotoxicity. The next day, the patient was medically cleared for psychiatric evaluation.
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